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The growth of fullerene nanocrystals, composed of only C60, only C70, or of a mixture of both
fullerenes, has been investigated by Scanning Tunneling Microscopy (STM). The nanocrystals,
formed on a NaCl ultrathin layer partially covering a Au(111) surface, have characteristic truncated-
triangular or hexagonal shapes, with lateral size up to 100 nm and a typical height of two to four
molecular layers. This growth mode differs considerably from the ones observed on metallic sur-
faces. STM images with bias-dependent submolecular resolution reveal the spatial distribution of
the electronic density originating from the molecular orbitals. A comparison of the experimental
results with first principle Density Functional Theory (DFT) calculations allows us to unambigu-
ously determine the orientation and the nature of individual fullerene molecules in the surface layer
of the nanocrystals.
PACS numbers: 68.55.Ac 68.37.Ef
I. INTRODUCTION
Since their discovery in 19851 fullerene molecules have
been investigated by numerous experimental and theo-
retical tools to get insight into the origin of their unique
physical and chemical properties2. Especially, Scanning
Tunneling Microscopy (STM)3 has been proven to be
very useful in elucidating at molecular and sub-molecular
spatial resolution the structural and electronic properties
of C60 grown on different metallic4–14 and semiconduct-
ing substrates15,16. The majority of these studies con-
centrate on the interaction of single molecules or molec-
ular monolayers (ML) with the substrate. For example,
on bare gold surfaces, the fullerene molecules aggregate
into islands, mostly of 1 ML height, nucleating at gold
step edges and spreading over both, upper and lower
terraces5,7,8,17,18.
A different behavior is observed in Atomic Force Mi-
croscopy (AFM) studies for the growth of fullerenes on
dielectric NaCl and of KBr substrates. In this case, ow-
ing to a subtle balance of surface energies and dewetting
phenomena19–21, the fullerene molecules grow in a three-
dimensional (3D) fashion and form nanocrystals. Simi-
lar results have been obtained for other molecules such
as bimolecular perylenetetracarboxylic diimide (PTCDI)
and BDATB on NaCl on vicinal Au surfaces22. On
the other hand, for porphyrines the formation of 2D or-
dered epitaxial molecular monolayers on NaCl has been
observed23, which was attributed to a decreasing van
der Waals interaction with increasing number of alkali
halide layers and additional charge transfer to the un-
derlying Ag(001) metal substrate. Furthermore, a di-
rect comparison of SnPc growth on Au(111) and on
NaCl/Au(111) showed that on Au(111) SnPc is adsorbed
with the molecular plane parallel to the surface and grows
in a Stranski-Krastanov mode, while on NaCl, Vollmer-
Weber growth of three-dimensional molecular nanocrys-
tals occurs24. Here, the intermolecular interactions dom-
inate over the molecule-NaCl coupling.
In this communication, we report on a STM study of
the nucleation and growth of fullerenes on NaCl layers
deposited on a Au(111) surface. On the NaCl layers, the
growth mode is different from the one observed on the
bare metal substrate, owing to the different adsorption
energies19–21 : the fullerene molecules form nanocrystals
with a minimal height of 2 ML. Furthermore, similarly
shaped nanocrystals are obtained after co-deposition of
C60 and C70 molecules, showing again that on these di-
electric substrates the intermolecular interactions prevail
over the fullerene-substrate coupling. The spatial resolu-
tion of the STM together with DFT calculations allow
us to identify individual fullerene molecules and their
packing in the topmost layer, for both, C60 and C70
nanocrystals as well as for mixed C60 and C70 nanocrys-
tals. While orientational ordering is observed for the
pure C60 and C70 nanocrystals, in the surface layer of the
mixed ones the orientational ordering of the molecules is
disturbed. The fullerene molecules in the surface layer of
the nanocrystals tend to arrange in configurations where
electron-poor regions on one molecule face electron-rich
regions on the adjacent molecule.
II. EXPERIMENTAL DETAILS AND
THEORETICAL METHODS
The Au(111)/mica substrate was prepared by standard
argon-ion sputtering and subsequent annealing cycles in
a vacuum chamber with a base pressure in the low 10−10
mbar range. First, NaCl was deposited onto the gold sub-
2strate from a Knudsen cell. Subsequently, the fullerene
molecules were sublimed from a heated tantalum cru-
cible onto the NaCl covered Au(111) substrate25. For
mixed C70 and C60 nanocrystals, successive as well as
simultaneous depositions of C70 and C60 fullerenes onto
a NaCl covered Au(111) substrate have been performed
using two different crucibles, each one containing a high
purity powder of one type of molecules26. During both
evaporation cycles, the sample was held at room tem-
perature and only subsequently cooled down to 50 K in
order to perform the measurements. The experiments
were carried out in a home-built STM27, using etched W
tips.
We performed Density Functional Theory (DFT) cal-
culations for the C60 and C70 molecules, and a one-
dimensional row and two-dimensional layer of molecules.
We employed the plane wave basis up to a cut-off en-
ergy 50 Ry to expand the Kohn-Sham orbitals. For
the cluster calculations we used the CPMD code28 for
the isolated molecule with the PBE0 hybrid functional
as the exchange-correlation term29 in order to obtain
a stronger localization of the Kohn-Sham states and a
more accurate correspondence between the Kohn-Sham
eigenvalues and the real electronic spectrum. For the
calculations of the 1D- and 2D-periodic structures we
used the code Quantum ESPRESSO30 with the van der
Waals density functional31 to describe the weak inter-
action between the closed-shell fullerene molecules bet-
ter than the more traditional Local Density (LDA) or
Generalised Gradient Approximation (GGA). In the non-
periodic directions sufficient amount of vacuum, typically
over 12 A˚, was used. We took the experimentally found
value (see below) r = 1.05 nm as the lattice constant,
or distance between the centres of the molecules. One
and two molecules in the super-cell were simulated in
the one-dimensional rows and two-dimensional layer, re-
spectively. The molecules were ordered standing on a
pentagon fixed into a plane.
III. RESULTS AND DISCUSSION
A. Basic considerations of fullerene adsorption on
Au(111) and on NaCl/Au(111)
Upon adsorption on Au(111) at room temperature,
NaCl forms large (with the size of a few squared mi-
crometers) (100)-terminated islands starting with two or
three atomic layers25,32. Figure 2 shows an STM to-
pography of such a triple layer NaCl island on Au(111).
In the left part of the figure (dark contrast) the herring-
bone reconstruction of the bare gold surface is clearly
visible25,26,33,34. In the outermost atomic layer of the
Au(111) surface, 23 atoms are arranged over 22 bulk lat-
tice sites, resulting in a contraction of the interatomic
distance from 0.289 nm (bulk value) to 0.275 nm along
the 〈1110〉 direction. This mismatch between the top
and second layer leads to a 22 × √3 rectangular over-
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FIG. 1: a) The C60 molecule (Ih symmetry); the symmetry
operations C5, C3, C2, and σ are indicated, (plus inversion).
b) The C70 molecule (D5h symmetry); the symmetry opera-
tions C5 and the mirror plane σ perpendicular to the fivefold
axis (the inversion symmetry is lost).
layer structure with alternating, hexagonal close packed
(hcp) and face centered cubic (fcc) domains, separated
by soliton walls. Due to the threefold orientational de-
generacy of the Au(111) surface the direction of these
boundaries periodically rotates by 120◦, forming a char-
acteristic herringbone (chevron) pattern33. As illustrated
in the right part of Fig. 2, this herringbone reconstruc-
tion of the gold surface is preserved, giving rise to the
apparent herringbone-like topography on the NaCl layer.
This phenomenon is related to the observed carpet-like
overgrowth behavior of NaCl films35. The first two layers
have an apparent height of 0.18± 0.01 nm (the physical
thickness is 0.28 nm), whereas the apparent height of the
third and fourth layers is approximatively 0.17 nm and
0.16 nm, respectively. This non-linearity of the apparent
height of NaCl multilayers with the number of layers is
typical for insulating films and originates from the differ-
ence of the apparent tunneling barrier formed by NaCl
layers of different thickness36,37. Note that the values of
the apparent height may differ substantially depending
on the tip state or the bias voltage used for scanning22,38.
Table I summarizes the measured apparent heights ob-
served for the investigated systems in the present study.
Figure 3 shows a typical STM image of a sample mea-
sured after deposition of C60 molecules onto a Au(111)
substrate partially covered with a NaCl layer. The same
overall surface morphology is observed for deposition of
C70 molecules, or for co-deposition of both fullerenes.
The topography image reveals a complex system com-
posed of bare Au(111) surface areas, C60 islands grown
on Au(111), extended ultrathin NaCl islands on Au(111),
and C60 nanocrystals grown on the NaCl-covered sur-
face. The fullerene nanocrystals clearly occupy pref-
erential nucleation sites: NaCl-covered substrate step
edges, defects of the NaCl film (protrusions or vacan-
cies), and NaCl-adlayer step edges. This preferred nu-
cleation at these NaCl specific locations has been found
previously in AFM studies for C60 islands grown on KBr
3(a)
(b)
3 ML NaCl
Au(111)
0.4
0.2
0.0
(nm
)
150100500
Distance (nm)
FIG. 2: (color online) STM topography of a NaCl triple layer
island on Au(111). The bare gold surface is visible in the left
part of the image. The herringbone reconstruction of Au(111)
below the ultrathin NaCl film is preserved. On top of this
island double layer rectangular NaCl patches are observed,
as indicated in the height profile shown in (b). Tunneling
parameters: V = −1.5 V, I = 20 pA.
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FIG. 3: (color online) Overview STM image showing the
growth of C60 on Au(111) and on NaCl/Au(111). Regions
of bare gold, of C60/Au(111), of NaCl/Au(111), as well as
C60 nanocrystals grown on NaCl are identified. Tunneling
parameters: V = −3.0 V, I = 20 pA.
and NaCl single crystal surfaces19,20 and were attributed
to the large molecular diffusion length on such alkali
halide substrates19,39. The surface of the nanocrystals
is not necessarily flat, it follows the profile of the under-
lying topography, e. g., reflects step edges or the pres-
ence of an additional NaCl adlayer. Moreover, the top-
most layer can be complete or only partially occupied by
fullerenes. The fullerene nanocrystals show characteris-
tic truncated-triangular or hexagonal shapes. Most of
them have a compact configuration, although branched
nanocrystals19,20 have also been occasionally observed.
In addition, the shape of the fullerene nanocrystals can
also be influenced by the local environment, such as the
presence of step edges on the substrate. For the present
growth conditions, the fullerene nanocrystals have a typ-
ical lateral size between 20 to 100 nm and a thickness
between 2 and 4 molecular layers.
B. C60 nanocrystals
The C60 molecule is composed of 60 carbon atoms,
arranged in 12 pentagons and 20 hexagons, forming a
truncated icosahedron with a diameter of 0.71 nm2, as
shown in Fig. 1(a). Each pentagon is surrounded by five
hexagons. The C-C bonds separating two hexagons have
a substantial double bond character while the pentagon
C-C bonds have a prevalent single bond character2. At
room temperature, C60 crystallizes into a face centered
cubic (fcc) lattice with four equivalent molecules per con-
ventional unit cell (see Ref.2 and references cited therein).
As the molecules are rotating rapidly about their lattice
positions with three degrees of rotational freedom and in-
dependently of each other, there is no orientational order.
At a temperature below approximatively 260 K, the C60
molecules lose two of their three degrees of rotational
freedom, so that the residual rotational motion occurs
only around the four 〈111〉 directions. The molecules are
still at the same relative positions as in the room tem-
perature phase, but the four positions per conventional
unit cell of an fcc lattice have become inequivalent due
to four distinct molecules rotating about four different
〈111〉 directions40,41. The structure thus becomes sim-
ple cubic (sc) with four distinct molecules per unit cell.
When the temperature is lowered further, additional or-
dering of the molecules occurs as the rotational motion
becomes hindered, whereby adjacent molecules develop
strongly correlated orientations. There are two energet-
ically, nearly degenerate, orientational variants for each
molecule. In the idealized ordered structure, the relative
orientation of adjacent molecules is stabilized by align-
ing an electron-rich bond common to two hexagons on
one C60 molecule opposite to an electron-poor pentag-
onal face of an adjacent C60 molecule42–45. The high
symmetry of the C60 molecule permits to optimize these
interactions identically for all 12 neighbours. In the sec-
ond ordered structure (called the ”defect structure”), the
orientation of adjacent molecules is stabilized by aligning
41 ML (nm) 2 ML (nm) 3 ML (nm) 4 ML (nm)
NaCl/Au(111) –a 0.18± 0.01 0.34± 0.01 0.51± 0.03
C60/Au(111) ≈0.65 – – –
C70/Au(111) ≈0.7 – – –
C60/NaCl/Au(111) 1.05± 0.05 1.95± 0.05 2.7± 0.05 3.7± 0.1
C70/NaCl/Au(111) – 2.3± 0.05 3.3± 0.1 4.2± 0.1
a The growth of NaCl layers starts with a double layer.
TABLE I: Summary of the measured apparent heights observed for the investigated systems. The uncertainties given take into
account the statistics.
the bond common to two hexagons on one C60 molecule
opposite to an electron-poor hexagonal face of an adja-
cent C60 molecule. The energy difference between these
two orientations was found to be 11 meV46. The orien-
tational alignment begins to set in at a temperature be-
tween 165 and 90 K(Ref.2). In the low temperature phase
below 90 K, the rotational motion of individual molecules
is frozen, and an orientational glass state is formed44.
The superstructure is reported to be a fcc crystal struc-
ture with lattice parameter 2a0 (a0 = 1.42 nm)42,47,48.
The orientational glass state has the following character-
istics. Below 90 K the C60 molecules are frozen into a
glassy phase (or rotational frozen phase), where the ro-
tational freedom of the molecules is lost, each molecule
randomly occupies one of the two orientation-dependent
local energy minima44,48.
Figure 4(a) shows a typical STM topography of sev-
eral C60 nanocrystals nucleated at a NaCl step edge. The
line profile extracted from the image in Fig. 4(a) and re-
ported in (b) follows from left to right the apparent height
of a molecular island grown on the bare Au(111) surface,
a C60 nanocrystal on NaCl, and of the ultrathin NaCl
spacer layer. The apparent height of the C60 nanocrystal
with respect to the NaCl layer is 1.95 ± 0.05 nm, corre-
sponding to a nanocrystal with a height of two layers of
C60 molecules. Nanocrystals with an apparent height of
2.7± 0.05 nm, as the one with the bright contrast shown
in the right part of Fig. 4(a), and 3.7 ± 0.1 nm have
also been observed, corresponding respectively to three
and four molecular layers, as previously reported32. A
nanocrystal with an apparent height of 1.05 ± 0.05 nm,
formed by a single layer of molecules, has been observed
only in one experiment. The line profile of the monolayer
islands grown on the bare Au surface indicates an appar-
ent height of approximately 0.65 nm. This value is in
agreement with the results reported for C60 on Au(111),
with a weak dependence on the bias voltage49.
A close-up view of the surface of a C60 nanocrys-
tal, shown in Fig. 5(a), demonstrates that the molecules
are arranged in a close-packed structure. The nearest-
neighbor distance, deduced from the line-scan presented
in Fig. 5(b), is 1.05 ± 0.05 nm, close to the value reported
for crystalline C60 (1.002 nm [Ref. 2]). Therefore, the
fullerene nanocrystals are identified as (111)-terminated
islands possessing a bulk-like fcc structure.
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FIG. 4: (color online) a) STM image showing several C60
nanocrystals nucleated at a NaCl step edge. b) Line profile
corresponding to the dashed line in a), showing from left to
right a C60/Au(111) island of 0.65 nm thickness, a part of
the bare Au(111) surface around 50 nm, and a 2 ML-high
C60 nanocrystal on NaCl. The thickness of the NaCl lay-
ers is indicated. The non-uniform height of the C60/NaCl
nanocrystal originates from a step in the underlying NaCl
substrate. Tunneling parameters: V = −3.0 V, I = 20 pA.
Figure 6(a) and (b) show high resolution STM images
of the surface layer of a C60 nanocrystal for two bias po-
larities. Figure 6(a) with a bias voltage of +2 V shows
the unoccupied molecular orbitals, while Fig. 6 (b), ac-
quired on the same area with a bias voltage of –2.8 V,
shows the occupied molecular orbitals of C60 molecules.
Three different projections of the orbitals depending on
the molecular orientations are found. As expected for
measurements performed at a temperature of 50 K, the
orientations of the molecules are stable in time, since
the molecules are found in an orientational glass state44.
The different observed molecular orientations, shown in
Fig. 6(c, top row), could be identified by comparing
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FIG. 5: (color online) a) Close-up view of the surface layer
of a 2 ML thick C60 nanocrystal, showing the close-packed
arrangement of the molecules. b) Line profile corresponding
to the dashed line in (a). The nearest-neighbor distance is
1.05 nm. Tunneling parameters: V = +2.0 V, I = 20 pA.
the STM-imaged orbitals with DFT calculations for the
lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of the free
molecule (Fig. 6 (c), second and third row, respectively).
At positive sample bias, bright lobes correspond to pen-
tagons of the C60 cage. Therefore, the three, two and
single– lobe intramolecular patterns distinguished and
high-lighted by white circles in Fig.6 (a,b) correspond
respectively to C60 molecules which expose a hexagon
towards the tip (denoted h), two hexagons (h:h), and a
hexagon plus a pentagon (h:p). We note that the spa-
tial mapping of the spectral density by STM4,9,50,51 and
comparisons with calculations have been reported before,
see, e. g.,4,12,17,52.
Interestingly, a certain regularity in the molecular ori-
entation is observed. The molecular orientation corre-
sponding to a carbon hexagon facing up (h) forms the
building block of a superlattice with one C60 molecule
with a three-lobe intramolecular pattern and three C60
molecules with single-lobe intramolecular patterns in
each unit cell, indicated by the white parallelogram in
Fig. 6(a,b). The other three molecules in such a unit
cell exhibit (h:p) or (h:h) orientation with a statistical
weight of about 3 to 1. For C60 crystallites grown on
Si(100) a (2 × 2) superlattice, formed by a periodic ar-
rangement of molecules with a hexagon (h) or a C-C dou-
ble bond (h:h) facing up and with ordered azimuthal ori-
entations, has been reported48. Our superlattice differs
from the idealized ordered structure reported by Wang et
al.48 because we observe an additional orientation of the
molecules where a hexagon plus a pentagon (h:p) face the
tip. This finding points to a coexistence of the ideal and
the defect structure in the present case and may indi-
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FIG. 6: (color online) High resolution STM images reveal-
ing unoccupied (a) and occupied (b) molecular orbitals of
C60 molecules on the surface layer of a nanocrystal. c) Top
row: Corresponding molecular orientations with hexagon (h),
hexagon–hexagon (h:h) and hexagon-pentagon (h:p) facing
the STM tip. Second and third row: Comparison of the STM
topography of single molecules (high-lighted by white circles
in (a, b)) with DFT calculations for the lowest unoccupied
(LUMO) and highest occupied (HOMO) molecular orbitals,
respectively. A typical unit cell of the long-range orienta-
tional pattern is indicated by the white parallelograms in (a,
b). Tunneling parameters: (a) V = +2.0 V, I = 20 pA; (b)
V = −2.8 V; I = 20 pA.
cate that the lowest energy structure, i. e., the predicted
glassy orientational state, is not yet reached for the sur-
face layer of these C60 nanocrystals44,45,53. We note that
in these superlattices the C60 molecules tend to arrange
with electron-poor regions facing electron-rich regions.
A different kind of long range orientational order
within C60 monolayers on Au(111) was observed with
low-temperature scanning tunneling microscopy10. A
unit cell comprising 49 molecules which adopt 11 differ-
ent orientations was found. It can be divided in a faulted
and an unfaulted half similar to the (7×7) reconstruction
of Si(111). A model was proposed which shows how the
substrate induces small changes in the orientation of the
C60 molecules. Intermolecular interactions are shown to
6play a major role in stabilizing the superlattice.
C. C70 nanocrystals
The molecule C70 is the second most abundant
fullerene. It has an elongated rugby-ball shape (shown in
Fig. 1(b)) that can be viewed of being constructed by in-
serting a ring of five hexagons between two hemispherical
fragments of C60.
The high temperature (above 360 K) equilibrium struc-
ture of solid C70 grown from the vapour phase is face-
centered cubic (fcc), although hexagonal closed packed
(hcp) crystals can also be prepared54–56. In both struc-
tures the molecules are freely rotating, resulting in the
absence of orientational order. Upon cooling, both the fcc
and hcp materials undergo phase changes associated with
progressive orientational ordering. Cooling the fcc grown
crystal below 340 K results in a rhombohedral structure
in which the molecules are aligned with their long axis
parallel to each other and rotation occurs only around
this long axis54,57. The transformation of the fcc struc-
ture into the rhombohedral one can be considered as a
stretching of the fcc lattice along a unique [111] direction,
the C70 molecules having their long axis parallel to this
direction. Further cooling below 295 K results in a sec-
ond phase transition, from the rhombohedral structure to
a monoclinic one, associated with the freezing out of the
remainder of the rotational disorder about the long axis
of the molecule55. When hcp grown crystals are cooled, a
transition occurs slightly above room temperature from
an ideal hcp structure into a deformed hcp phase (c/a ra-
tio of 1.82 instead of 1.63 for ideal hcp)54. Since the new
length of the a axis (1.011 nm) is close to the center-
to-center distance of two aligned C70 molecules, it was
suggested that the long axes of the different molecules
are oriented along the c axis of the hexagonal lattice and
that the molecules rotate around the latter. In this struc-
ture, all node points of the basic hcp lattice are occupied
by C70 molecules. Below approximately 270 K, the ro-
tational motion is frozen and the structure thus becomes
an orientationally ordered superstructure of the deformed
hcp phase (monoclinic structure)54.
Figure 7(a) shows a typical STM image of the surface
topography after deposition of C70 molecules onto a gold
substrate covered by an ultrathin NaCl film. The thick-
ness of the NaCl film amounts to three atomic layers.
The nanocrystals have nucleated at step edges. No dif-
ference between the preferential nucleation sites for C60
and C70 has been observed. A cut along the line indicated
in Fig. 7(a) yields the profile presented in Fig. 7(b). The
apparent island height is determined to be 2.3±0.05 nm,
indicating a thickness of two molecular layers. Nanocrys-
tals with apparent heights of 3.3 ± 0.1 nm (3 ML) and
4.2±0.1 nm (4 ML) have also been observed. The appar-
ent height of the C70 monolayer island grown on the bare
metal surface observed in the right part of Figure 7(a, b)
is 0.7± 0.05 nm.
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FIG. 7: (color online) a) STM image showing several C70
nanocrystals grown on NaCl/Au(111) and on Au(111). b)
Line profile corresponding to the dashed line in (a), showing
in the center a 2 ML-thick nanocrystal (2.3 nm) on NaCl and
to the right a C70 island on bare gold (0.7 nm). Tunneling
parameters: V = −3.0 V, I = 20 pA.
The fact that the apparent height of the C70 nanocrys-
tal is higher than the one of equivalent C60 ones suggests
that the C70 molecules stand in upright position, i.e.,
with their long axis perpendicular to the surface. By
contrast, C70 molecules adsorbed on the bare gold sur-
face assemble with their long axis parallel to the surface.
Again, there is a distinct difference between the molec-
ular growth on a metallic as compared to a dielectric
substrate. A similar effect, pointing to an increased in-
termolecular interaction on the dielectric substrate, has
been reported recently for the growth of SnPc on Au(111)
and on NaCl. While on the former the molecules adsorb
in a flat geometry , they adopt a tilted geometry on the
latter substrate24. A close-up view of the surface of a
C70 nanocrystal, displayed in Fig. 8(a,b), confirms this
interpretation by showing a regular hexagonal structure
with a nearest-neighbour distance of 1.06 nm, very close
to the one observed in the case of C60.
As shown in Fig. 8(a,b) (and also in Figs. 9(b) and
Fig. 10(a)), the dark features are in fact molecules which
are imaged ≈0.1 nm lower than the azimuthally aligned
molecules. This value is too small to suggest that C70
molecules are missing on the top layer. On the other
hand, this value is in good agreement with the difference
between the longer axis of a C70 molecule, i.e., the axis of
a fivefold rotation symmetry, and the short axes60. This
finding suggests that the darker molecules are molecules
of the topmost layer aligned with their long axis parallel
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FIG. 8: (color online) a) Close-up view of the surface layer
of a 3 ML thick C70 nanocrystal, showing the close-packed
arrangement of the molecules. (b) Line profile corresponding
to the dashed line in (a). The nearest-neighbor distance is
1.06 nm. Tunneling parameters: V = +2.3 V, I = 50 pA.
to the surface.
In the following, we focus our attention on the orienta-
tional configuration of C70 molecules on the top layer of
nanocrystals. Figures 9(a) and (b) show high resolution
STM images of the surface layer of a two molecular layers
high C70 nanocrystal grown on an ultrathin NaCl film,
revealing the unoccupied (a) and occupied (b) molecu-
lar orbitals of C70 molecules, respectively. The geometry
of the molecules with the pentagon p facing the tip is
indicated in (c), as well as the comparison between ob-
served molecular images (c, central column) and DFT
calculations for the lowest unoccupied molecular orbital
(LUMO) (c, right column top) and the highest occupied
molecular orbital (HOMO) (c, right column bottom) of
the free molecule. The measured intermolecular distance
of approximately 1.06 nm matches well the C70–C70 near-
est neighbour distance in the (111) plane of fcc grown
crystals and the C70–C70 nearest neighbour distance in
the hexagonal plane of hcp grown crystals reported in
the literature54,56,58,59. The fivefold symmetry of the
molecular orbitals shown in Fig. 1(b) enables direct de-
termination of the orientation of the molecules. The C70
molecules crystallize into multilayer islands with a hexag-
onally arranged close-packed top layer which consists of
two alternating rows, marked as A and B in Fig. 10, of
fixed molecules oriented with the long axis aligned along
the surface normal. Note that due to the presence of de-
fects in the surface layer, the direction of the alternating
rows may vary.
By examination of high-resolution STM images as
those displayed in Fig. 9(b) and Fig. 10 (a), we draw the
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FIG. 9: (color online) High-resolution STM images revealing
unoccupied (a) and occupied (b) molecular orbitals of C70
molecules in the surface layer of a C70 nanocrystal. (c) Cor-
responding geometry of a molecule oriented with their long
axis perpendicular to the surface with a pentagon p facing
the tip; comparison between observed molecular images (c,
central column) and DFT calculations for the lowest unoc-
cupied molecular orbital (LUMO) (c, right column top) and
the highest occupied molecular orbital (HOMO) (c, right col-
umn bottom) for the free molecule. Tunneling parameters:
(a) V = +3.0 V, I = 20 pA; (b) V = −3.0 V; I = 20 pA.
model given in Fig. 10 (b, right). The latter schematizes
the finding that C70 arrange in an ordered 2×1 superlat-
tice, in which the molecules are oriented parallel to each
other within the rows and differ by approximately 18◦
with respect to the adjacent rows. Although the observed
molecular arrangement slightly differs from the energeti-
cally most favorable one predicted in Ref.54, see Fig. 10
(b, left), the C70 molecules arrange with electron-poor re-
gions (hexagonal face centers) and electron-rich regions
(hexagon–hexagon edges) facing each other to a good ap-
proximation not only within one row but also between
adjacent rows. In the present case, the clockwise rota-
tion of one C70 molecule by ≈ 9◦ about its long axis with
respect to the predicted model (rows A), and the anti-
clockwise rotation of one C70 molecule by ≈ 9◦ (rows B)
are clearly resolved in each unit cell of the superlattice.
A typical unit cell of the long-range orientational pattern
in the surface layer of a C70 nanocrystal is indicated in
Fig. 10(a) by the black parallelogram.
Concerning the calculations for the fullerene molecules,
we consider the planar structure, where the molecules al-
ways sit on a pentagon that is fixed into a plane, simulat-
ing a flat substrate. This plane is parallel to the direction
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FIG. 10: (color online) (a) High-resolution STM image of the
surface layer of a C70 nanocrystal for the occupied molec-
ular orbitals. A, B: Two alternating rows of azimuthally
aligned molecules oriented with their long axis perpendicular
to the surface as deduced from their fivefold symmetry. The
black parallelogram indicates a unit cell of a 2 × 1 superlat-
tice. (b,left) Predicted model from Ref.54. (b, right) Adapted
model based on the observations in (a). The ”–” and ”+”
signs indicate electron-poor and electron-rich regions, respec-
tively. Tunneling parameters: V = −3.0 V; I = 20 pA.
of the 1D row or the 2D plane and we let the molecules ro-
tate in the plane away from the C2v symmetry group. We
obtain an angle of 5.6◦ together with a reduction of en-
ergy by about 18 meV per molecule (see below). For C70
this is qualitatively similar to the experimentally derived
structural model, but the energy difference between the
symmetric and rotated structure is very small. For the
1D row the binding energies per not rotated and rotated
molecule are 0.390 eV and 0.401 eV, respectively, while
for the 2D plane a binding energy change from 1.158 eV
(not rotated) to 1.176 eV is calculated (see above). For
the C60 molecules in a 1D row the energies are 0.306 eV
(not rotated) and 0.319 eV (rotated), the angle is 6.7◦.
The difference between calculated and experimental rota-
tion angles is most probably due to the model assumption
of a free-standing molecular layer while in the experiment
the molecules rotate on an underlying molecular layer.
The energy difference between the rotated and not ro-
tated orientations of 18 meV is larger than the thermal
energy of 4 meV. This implies that the molecule is frozen
in one of the two rotational states, in good agreement
with the experiment.
D. Mixed C60-C70 nanocrystals
In general, co-deposition of two molecular species
usually forms multiple mixed phases and bonding
structures18. In the past, the structure of supermolec-
ular architectures arising from co-sublimation of C60
molecules and different types of flat hydrocarbons has
been investigated and interesting supermolecular pat-
terns have been observed18,61–63. These experiments mo-
tivated us to study, with special emphasis on the molec-
ular orientation, the supramolecular structures within
fullerene nanocrystals which may result from a mutual
embedding of C60 and C70 molecules supported on a di-
electric NaCl surface.
1. Successive deposition
Figure 11(a) depicts a typical STM image of the sur-
face topography after successive depositions of C70 and
C60 molecules, respectively, onto a NaCl covered Au(111)
substrate. The line profile taken along the dashed line
in (a) and shown in (b) reveals the thickness and the
composition of the fullerene nanocrystal. The fullerene
nanocrystals exhibit a central part composed exclusively
of C70 molecules (indicated by the two vertical dashed
lines in (b) and a rim formed by C60 molecules only.
The apparent heights of approximately 3.3 nm (core) and
2.7 nm (rim) correspond to the ones of pure C70 and pure
C60 nanocrystals, comprising three stacked molecular
layers, respectively (compare Sect. III, B and C). Mixed
C70/C60 fullerene nanocrystals with a uniform shape con-
sist of the same number of layers of both fullerene species.
The fact that these samples never contained pure C60
nanocrystals indicates that C70 islands represent prefer-
ential nucleation sites for C60 molecules.
The smaller scale STM image displayed in Fig. 12(a)
shows the surface layer of the nanocrystal displayed
in Fig. 11(a) at molecular resolution. As in the case
of fullerene nanocrystals composed of only one type of
molecules, the C70–C70 and C60–C60 nearest-neighbour
distances are approximately 1.05 nm, as illustrated in
Fig. 12(b). Furthermore, the molecular patterns of
hexagonal symmetry and the intramolecular features are
similar to those observed for nanocrystals composed of
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FIG. 11: (color online)(a) STM image of the surface topog-
raphy resulting from successive depositions of C70 and C60
molecules, respectively, onto a NaCl/Au(111) substrate at
300 K. Tunneling parameters: V = –3 V; I = 20 pA. (b) Line
profile taken along the line drawn in (a). The composition
of of the left fullerene nanocrystal is indicated by vertical
and horizontal dashed lines. The central part consist of only
C70 molecules while the rim is composed exclusively of C60
molecules.
only one type of molecules. These results indicate that, as
expected, each surface area of identical molecules main-
tains its intrinsic molecular arrangement.
2. Simultaneous co-deposition
Figure 13(a) shows a typical STM image of the sur-
face topography after simultaneous depositions of C70
and C60 with a C60 concentration of about 75% onto
NaCl covered Au(111) substrate. Deposition with a C60
concentration of about 50% yields similar results. The
shape of the obtained mixed nanocrystals is similar to
the one of the nanocrystals composed of only one species,
i.e., truncated triangular or hexagonal. As can be in-
ferred from the line profile displayed in Fig. 13(b), the
nanocrystal shown in the STM image has a height of two
molecular layers (2.05± 0.2 nm). In contrast to fullerene
nanocrystals composed of only one type of molecules, the
surface corrugation is high (approximately 0.2 nm) and
non-periodic, owing to the presence of the two fullerene
species, as shown in Fig. 14(a) and (b).
The two high resolution STM images of a mixed
fullerene surface layer (see Fig. 13(a) and Fig. 14(a)) layer
shown in Fig. 15(a) and (b) reveal unoccupied and occu-
pied molecular orbitals, respectively. Also in the present
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FIG. 12: (color online)(a) Submolecular resolution STM
image revealing unoccupied molecular orbitals of fullerene
molecules in the surface layer of the nanocrystal shown in
Fig. 11(a). The nanoscale crystal exhibits a central part com-
posed only of C70 molecules (bright contrast) and a rim, seen
in the upper left part and in the right part of the image,
formed only by C60 molecules (dark contrast). (b) Line pro-
file taken along the line drawn in (a). The nearest-neighbor
distance is 1.05 nm. Tunneling parameters: V = +2.5 V; I =
0.02 nA.
case, the fullerene molecules form a hexagonal pattern
despite the presence of two kinds of molecules. C60 and
C70 molecules are distinguishable by their characteristic
molecular orbitals. A comparison between the high res-
olution STM images and DFT calculations for the low-
est unoccupied molecular orbital (see Fig. 15(c, bottom
panel, central row)) and highest occupied molecular or-
bital (see Fig. 15(c, bottom panel, bottom row)) of the
free C70 molecule allows us to identify the orientation
of the molecules with respect to the surface plane. C70
molecules occupy random positions in this structure, ex-
hibiting occasionally their long axis aligned parallel to
the surface plane. For example, in Fig. 15(a), (b), (c, bot-
tom right panel), the observed and calculated patterns
of the molecular orbitals indicate that the C70 molecule
h:h marked with a white square is facing the STM tip
with its two hexagons. Note, however, that the observed
lying C70 molecules may be rotated by different angles
about their long axis. These high resolution images of
the fullerenes together with the DFT calculations allow
us to unambiguously identify the chemical nature and the
orientation of each individual fullerene molecule within
the surface layer of a mixed C60/ C70 nanocrystal grown
on NaCl.
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FIG. 13: (color online) a) STM image showing the growth of
a C60-C70 mixture on Au(111) and on NaCl/Au(111). b) Line
profile corresponding to the dashed line in a). The nanocrys-
tal has a height of two molecular layers (2.05± 0.2 nm).
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FIG. 14: (color online) a) Close-up view of the surface layer of
a C60-C70 nanocrystal, showing the close-packed arrangement
of the molecules. b) Line profile corresponding to the dashed
line in (a). The average nearest-neighbor distance is 1.05 nm.
Tunneling parameters: V = 2 V, I = 20 pA.
h h:h h:p
(a)
(b)
(c)
p h:h
 2 nm
+2.0 V
−3.0 V
h
h:h
h:p
p
h:h
FIG. 15: (color online) (a, b)High-resolution STM images re-
vealing unoccupied (a) and occupied (b) molecular orbitals of
fullerene molecules on the surface layer of a mixed C60−C70
nanocrystal. c) Top panel, top row: Corresponding molecular
orientations for C60 molecules with hexagon (h), hexagon–
hexagon (h:h) and hexagon-pentagon (h:p) facing the STM
tip. Top panel, second and third row: Comparison of the STM
topography of single molecules (high-lighted by white circles
in (a, b)) with DFT calculations for the lowest unoccupied
(LUMO) and highest occupied (HOMO) molecular orbitals
of free C60 molecules, respectively. Adapted from Fig. 6(c)).
Bottom panel, top row: Corresponding molecular orientations
for C70 molecules with pentagon (p) (long molecular axis per-
pendicular to surface plane) and hexagon–hexagon (h:h) (long
molecular axis parallel to surface plane) facing the STM tip.
Bottom panel, second and third row: Comparison of the STM
topography of single molecules (high-lighted by white squares
in (a, b)) with DFT calculations for the lowest unoccupied
(LUMO) and highest occupied (HOMO) molecular orbitals
of free C70 molecules, respectively. Tunneling parameters:
(a) V = +2 V, I = 20 pA; (b) V = −3 V, I = 20 pA.
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IV. SUMMARY
We have reported on the nucleation and growth of
fullerenes on NaCl layers deposited on a Au(111) sur-
face. We found that on the NaCl layers, the typical
growth mode to form nanocrystals is different from the
one reported from fullerene growth on bare metal sub-
strates, an observation which seems to be quite general
for the growth of organic molecules on dielectric materi-
als. This specific growth behavior on dielectric ultrathin
films indicates that the inter-molecular interactions are
stronger than the molecule-dielectric film interactions.
Evidently, the dielectric film reduces the wave function
overlap between the molecular frontier orbitals and the
wave functions of the underlying metallic substrate, sup-
porting the dielectric film. Both, C60 and C70 molecules
as well as mixtures of both species form truncated tri-
angular or hexagonal nanocrystals with a height of sev-
eral molecular layers upon adsorption on a NaCl covered
Au(111) substrate. The nucleation sites of the nanocrys-
tals are NaCl covered Au(111) steps, defects of the NaCl
film and step edges of multilayer islands of NaCl on ul-
trathin NaCl films. High resolution STM images com-
bined with DFT calculations for the LUMO and HOMO
molecular orbitals show that C60 and C70 tend to ar-
range in a configuration in which electron-poor regions
on one molecule face electron-rich regions on the adja-
cent molecule. These findings allow us to unambiguously
identify the chemical nature and the orientation of each
individual fullerene molecule within the surface layer of
a mixed C60/ C70 nanocrystal grown on NaCl. More-
over, these tools allowed us to detect long-range orienta-
tional order in the the surface layer of genuine C60 and
C70 nanocrystals. We note that these types of nanocrys-
tals have been extremely useful for STM induced light
emission experiments in order to determine the ultimate
spatial resolution of this technique obtainable from an
ensemble of organic molecules64,65.
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